INTRODUCTION
Potassium channels (K+ channels) are present in all mammalian cells and are exceptionally diverse in both variety and function. They exist in several subtypes, multiple subtypes often being present on a single cell [l] . For example, a single hippocampal neuron may exhibit six or more distinct potassium with acid-citrate-dextrose (ACD). Platelets were prepared by centrifugation and were loaded with 86Rb+. The platelet suspension (2.5 x lo7 platelets/ ml) was then injected into perfusion chambers and the cells were immobilized on inert filters. Thereafter, the platelets were continuously perfused with Krebs solution, to allow them to stabilize on the filters for 20 min before the start of each experiment (time -20 to 0). During this time the perfusate was collected at 2 rnin intervals. Because of the construction of the perfusion apparatus, when the perfusion conditions were changed (for example, by the addition of thrombin or ionomycin), there was an approximate 3 min delay between switching the perfusion medium and the arrival of the new medium at the filter; this delay has not been subtracted from the stated times of perfusion.
After this (time 0) the perfusion buffer was changed for 5 min to Krebs solution containing thrombin (0.1-0.6 i d m l ) or ionomycin (1-5 mol/l). During this time the perfusate was collected at 1 min intervals. The perfusion was then continued with the original solution for another 20min. The solutions used for perfusion were bubbled with 95% OZ and 5% COz throughout the experiment (pH At the end of the experiment (at 30 min) the polycarbonate filters were retrieved and placed in scintillation vials, to which 3.5 ml of Aquasafe 500 scintillation fluid was added. The radioactivity in the perfusates and filters was determined by liquid scintillation counting in a Beckmann LS 6000 SE counter and the loss of radioactivity from the cells was calculated. The amount of 86Rb+ (pmol) in each fraction of perfusate collected was determined using the specific activity of the isotope. The radioactivity was measured in each fraction and plotted as a function of time. The results were expressed as the cumulative efflux of 86Rb+ (from 0 to 14 rnin of the experimental period) against time.
7.4).

Buffers and drugs
ACD contained citric acid (15 g), trisodium citrate (25 g ) and D-glucose (20g) in 1 litre of distilled water. Krebs buffer contained (mmol/l): NaCl (119), KCl (4.6), CaClz (1.5), NaHzP04 (1.2), MgClz (1.2), NaHC03 (15) and glucose (11). Apamin, charybdotoxin, a-dendrotoxin, iberiotoxin, ionomycin and human thrombin were purchased from Sigma Chemical Company (Poole, Dorset, U.K.). Glibenclamide was purchased from Research Biochemicals International (St Albans, Herts, U.K.) and 86RbC1 from Amersham International plc (Amersham, Bucks, U.K.).
Experiments with thrombin and ionomycin
To study the effects of thrombin on 86Rb efflux, the platelets were superfused with thrombin (0.1-0.6 i.u./ml) in Krebs solution for 5 rnin after the 20 rnin period of stabilization (i.e. from 0 to 5 min of the experiment).
Stock solutions of ionomycin (10 mmol/l in dimethylsulphoxide, DMSO) were prepared and stored in aliquots at 4°C. On the day of the experiment ionomycin was further diluted in Krebs solution. As with thrombin, ionomycin (1-5 pmol/l) was superfused over the cells for 5 min (i.e. from 0 to 5 min of the experiment) after the initial period of stabilization.
Experiments with apamin, charybdotoxin, iberiotoxin, a-dendrotoxin and glibenclamide
Apamin, charybdotoxin, iberiotoxin and a-dendrotoxin were freshly prepared for each experiment. Apamin (100 nmol/l), charybdotoxin (300 nmol/l), iberiotoxin (300 nmol/l) and a-dendrotoxin (100-200 nmol/l) were reconstituted in distilled water and stored in aliquots at -20°C. On the day of the experiment the toxins were further diluted in Krebs solution. Apamin was preincubated with the platelets from the beginning of the experiment (added at time -20). However, charybdotoxin, iberiotoxin and a-dendrotoxin were added with thrombin (at 0 min) for a period of 5min. We did not preincubate the cells with these three toxins because of their very high cost.
Glibenclamide was prepared daily as a 10 mmol/l stock solution in DMSO, and further diluted in Krebs solution just before use. Glibenclamide (10-20 pmol/l) was preincubated with the platelets (added at time -20). The final concentration of DMSO was 0.2% and this concentration did not affect either the thrombin-stimulated or the nonstimulated 86Rb+ efflux.
Data analysis
Data are given as means with SEMs (n = number of experiments with platelets obtained from different subjects), and the data were analysed using analysis of variance with repeated measures.
RESULTS
The results are shown in Figs 1-6 as cumulative effluxes of 86Rb+ from 0 to 14 rnin and are summarized in Table 1 as the percentage inhibition of the maximum cumulative efflux by the different inhibitors used.
When the platelets were perfused with Krebs buffer the cumulative s6Rb+ efflux was linear with time (open circles; Figs 1-6). We have previously shown that this efflux is mediated by the Na+/K+/ 2C1-co-transport system acting in normal mode [12] , and we shall refer to it as the non-stimulated efflux.
Effect of thrombin on *sRb+ efflux
Thrombin (0.1-0.6 i.u./ml), perfused over the platelets for 5 min (from 0 to 5 min of the experiment), stimulated increases in the cumulative 86Rb+ efflux from the cells in a concentration-dependent manner ( Fig. 1) . As shown below, this efflux, which we shall call the thrombin-stimulated efflux, is mediated via two types of Kca channels and a K, channel.
Pharmacological inhibition of the thrombin-stimulated *sRb+ efflux
Pharmacological properties of the thrombinstimulated 86Rb+ efflux from platelets were investigated using specific K+ channel inhibitors, as described in other cells (Table 1A) .
Apamin (100 nmol/l), a peptide component of bee venom [13] , inhibited thrombin-stimulated 86Rb+ efflux (P<O.OOOl) (Fig. 2) . Charybdotoxin (300 nmol/l), a peptide toxin isolated from the venom of the Israeli scorpion, Leiurus quinquestriatus hebrueus [14] , inhibited thrombin-stimulated 86Rb+ efflux (P<O.OOOl) (Fig. 2) . Apamin (100 nmol/l) and charybdotoxin (300 nmol/l) added together resulted in a greater effect than when either was added alone (P<O.OOOl) (Fig. 2) . However, iberiotoxin (300 nmol/l), a peptide toxin isolated from the venom of the scorpion Buthus tumulus [15] , had no effect on the thrombin-stimulated 86Rb+ efflux (P = 0.43) (Table 1A ). a-Dendrotoxin (100-200 nmol/l), isolated from the venom of the Eastern green mamba snake, Dendroaspis angusticeps [16] , inhibited the thrombinstimulated 86Rb+ efflux (P<O.OOOl) in a concentration-dependent manner (Fig. 3) . Glibenclamide (10 pmol/l) had no effect on the thrombin-stimulated 86Rb+ efflux (Table lA) , but at a concentration of 20 pmol/l glibenclamide significantly inhibited this efflux (P<O.OOOl) (Fig. 4) . However, glibenclamide (20 pmol/l) and apamin (100nmol/l) added together did not result in a greater effect than when either was added alone (P = 0.987) (Fig. 4, Table 1A) .
Apamin, charybdotoxin, iberiotoxin, a-dendrotoxin and glibenclamide had no effect on the nonstimulated 86Rb+ efflux (data not shown).
Effect of ionomycin on 8sRb+ efflux
The calcium ionophore ionomycin (1 and 5 pmol/l), perfused over the platelets for 5 min (from 0 to 5 min of the experiment), stimulated increases in the cumulative 86Rb+ efflux from the cells in a concentration-dependent manner (Fig. 5) .
Pharmacological inhibition of the ionomycin-stimulated
OsRb+ efflux
Apamin (100 nmol/l) and charybdotoxin (300 nmol/l) inhibited the ionomycin-stimulated s6Rb+ efflux (P<O.OOOl) (Fig. 6) . The two toxins added together resulted in a greater effect than when either was added alone (P<O.OOOl) (Fig. 6) . Iberiotoxin (300 nmol/l) had no effect on the ionomycinstimulated 86Rb+ efflux (P = 0.679) (Table 1B) .
DISCUSSION
Calcium-activated K+ channels (b channels)
Kca channels, which are activated by increases in the concentration of intracellular Ca2+, first identified in erythrocytes [17] , form a heterogeneous group of channels, found in a wide variety of excitable and non-excitable cells [18] .
Apart from a biophysical classification, Kca channels can be characterized on the basis of their selectivity to different naturally occurring peptide toxins isolated from the venoms of a variety of scorpions and insects [20] . BKca channels are typically inhibited by charybdotoxin [14, the other hand, are specifically blocked by apamin [22] . However, charybdotoxin also inhibits IKca channels in nanomolar concentrations [12] . Recently, Marchenko and Sage [24] have shown that K+ channels sensitive to charybdotoxin (KCh channels) are significantly different from B&a and IKca channels in terms of their conductance and pharmacology, and that Kch channels cannot be placed in any single class of Kca channel as currently defined. These channels may form a new class of Kca channels. However, it has been suggested that Kch channels should be classified as IKca channels and that this class should be considered to have a wide range of sensitivities to charybdotoxin [24] . In this paper we shall refer to K+ channels sensitive to this toxin as charybdotoxin-sensitive (Kch) channels.
Changes in intracellular Ca2+ play an important role during platelet activation [25, 261 . Activation of these cells with thrombin stimulates a rapid increase in the cytoplasmic Ca2+ concentration, caused mainly by release of Ca2+ from intracellular stores, which is stimulated by a receptor-mediated intracellular mechanism, generating inositol 1,4,5-trisphosphate [27] . This increase in cytoplasmic Ca2+ concentration is thought to open Kca channels, resulting in an efflux of K+, which hyperpolarizes the cell membrane. Using a whole-cell patch-clamp recording technique, Mahaut-Smith [9] has demonstrated the presence of a small number (five to seven channels per cell) of charybdotoxin-sensitive IKca channels (conductance 30 pS) in human platelets. These channels significantly influence the platelet membrane potential and probably play an important role in maintaining the driving force for Ca2+ influx during platelet activation [9] . In this paper we have confirmed the presence of charybdotoxin-sensitive Kca channels in human platelets, and have also provided evidence for the presence of another type of Kca channel (apamin-sensitive).
Thrombin (0.1-0.6 i.u./ml) increased 86Rb+ efflux from platelets in a concentration-dependent manner (Fig. 1) . This effect was significantly inhibited by 100 nmol/l apamin (Fig. 2) , suggesting the presence of apamin-sensitive SKc, channels in human platelets. In an earlier study, Fine et al. [5] measured changes in platelet membrane potential stimulated by the Ca2+ ionophore A23187 in the presence of various Kca channel inhibitors, but found no evidence for the presence of apamin-sensitive K+ channels in human platelets. However, in their experiments apamin was used in a concentration of 25 nmol/l, and the toxin was incubated with the cells for only 2min. In contrast, we have used a much higher concentration of apamin (100 nmol/l), and the platelets were preincubated with the toxin for 20 min. This may account for the conflicting results between the two studies. We also studied the effects of charybdotoxin on 86Rb+ efflux from the platelets. Charybdotoxin (300 nmol/l) significantly inhibited the thrombinstimulated 86Rb+ efflux (Fig. 2) , suggesting the presence of Kch channels (which may be IKca channels) in human platelets. This is in agreement with a number of earlier studies on Kca channels in human platelets [5, 6, 91 , which have demonstrated the presence of charybdotoxin-sensitive K+ channels. Furthermore, apamin (100 nmol/l) and charybdotoxin (300nmol/l) added together had a greater effect on thrombin-stimulated 8GRb+ efflux than either alone (Fig. 2) , supporting the conclusion that the Kca channels that human platelets contain are independently sensitive to apamin and charybdotoxin.
Iberiotoxin is a specific blocker of BKca channels [15] . It does not block other known charybdotoxinsensitive K+ channels [2S]. Iberiotoxin had no effect on the thrombin-stimulated 86Rb+ efflux (Table 1A) . This strongly suggests that BKca channels are not present in human platelets, and that the thrombinstimulated 86Rb+ efflux sensitive to charybdotoxin is not mediated via BKca channels.
Ca2+ ionophores, such as ionomycin and A23187, generate receptor-independent increases in intracellular Ca2+ and open Kca channels in human platelets [5, 91. Therefore, in order to explore further the nature of the 86Rb+ efflux in platelets, we studied the effects of ionomycin in concentrations that have previously been reported to increase the intracellular Ca2+ concentration rapidly to micromolar values in the presence of external Ca2+ [9, 25, 261 . Ionomycin stimulated an increase in s6Rb+ efflux from the platelets in a concentrationdependent manner (Fig. 5) . As in the experiments with thrombin, apamin (100 nmol/l) and charybdotoxin (300 nmol/l) significantly inhibited the ionomycin-stimulated 86Rb+ efflux (Fig. 6) , and the two toxins added together had a greater effect than when either was added alone (Fig. 6, Table 1B ). Furthermore, iberiotoxin had no effect on the ionomycin-stimulated flux (Table 1B) . Thus, the results from experiments with ionomycin provide further evidence for the presence of apamin-sensitive and Kch channels, and the absence of BKca channels in human platelets.
Voltage-gated K+ channels
The membrane potential of unstimulated human platelets has been estimated at between -60 and -79 mV [4, 291 and is set mainly by a high relative permeability to potassium [29] . Activation of human platelets by agonists such as thrombin is followed by membrane depolarization, which is thought to be a consequence of stimulus-receptor interaction [4, 301. Voltage-gated K+ channels (Kv channels) open when a cell is depolarized, and have been described in human [S] and rabbit [7] platelets by patch-clamping. In contrast to Kca channels, platelet Kv channels are found in greater numbers (over 100 channels per cell), have at least five different conductance levels and are a major determinant of the platelet resting potential [8] .
In our experiments, a-dendrotoxin (100-200 nmol/l), a specific inhibitor of Kv channels [31] , inhibited the thrombin-stimulated 86Rb+ efflux in a concentration-dependent manner (Fig. 3) , which suggests the presence of dendrotoxin-sensitive Kv channels in human platelets.
ATP-dependent K+ channels
ATP-dependent K+ channels (KATP channels) couple the metabolic state of the cell to its electrical activity. These channels, which were first identified in cardiac muscle [32] , have now been identified in a number of different tissues, including pancreatic /?-cells [33] , skeletal muscle cells [34] and neurons [35] . They regulate such dissimilar functions as insulin secretion from pancreatic /?-cells [36] and excitability and contractility of cardiac muscle during metabolic inhibition [37] . A variety of nucleotides, of which ATP (which inhibits channel activity) is of greatest physiological importance, regulate KATP channel activity. KATP channels are also inhibited by sulphonylureas such as glibenclamide [38, 391 . In pancreatic /?-cells they can be inhibited by low concentrations (0.1-1 pmol/l) of glibenclamide [36] , which also inhibits KATP channels in other cells, albeit at higher concentrations [40] . For example, glibenclamide inhibited KATP channels in vascular smooth-muscle cells at a concentration of 20 pmol/l [34] . This suggests that the sensitivity of KATP channels to glibenclamide may be tissue specific. In our study, glibenclamide up to 10pmol/l had no effect on the thrombin-stimulated 86Rb+ efflux from the platelets (Table lA) , but at a higher concentration (20 pmol/l) it significantly inhibited thrombin-stimulated 8GRb+ efflux (Fig. 4) . This suggests the presence of glibenclamide-sensitive K+ channels, which might be KATP channels, in human platelets. However, it has recently been reported that in addition to KATP channels, several types of inwardly rectifying (Ki,) K+ channels are sensitive to inhibition by sulphonylureas. As a result, the presence of sulphonylurea sensitivity alone cannot be taken to indicate the presence of KATP channels in a cell, as has been the practice in the past [41] . Glibenclamide (20 pmol/l) and apamin (100 nmol/l) added together did not result in a greater effect than when either was added alone (Fig. 4, Table 1A ). Taken together, these data suggest that in platelets the effect of glibenclamide (20 pmol/l) on the thrombin-stimulated "Rb+ efflux may have been non-specific, and that the glibenclamide-sensitive efflux may not be mediated via KATP channels.
Conclusions thrombin and ionomycin stimulate 86Rb+ efflux from
Using a perfusion technique we have shown that I 86Rb+-loaded human platelets. The sensitivity of this efflux to inhibition by specific Kca channel blockers, apamin and charybdotoxin, suggests the presence of two types of Kc, channels (small conductance and charybdotoxin-sensitive channels) in human platelets. Furthermore, the thrombin-stimulated 86Rb+ efflux was also inhibited by a-dendrotoxin (an inhibitor of Kv channels), which suggests the presence of dendrotoxin-sensitive K , channels in these cells. This study also provides evidence to suggest that human platelets do not contain BKca and K A T~ channels.
